Black phosphorus (BP) has attracted significant interest as a monolayer or few-layer material with extraordinary electrical and optoelectronic properties. However, degradation in air and other environments is an unresolved issue that may limit future applications. In particular the role of different ambient species has remained controversial. Here, we report systematic experiments combined with ab-initio calculations that address the effects of oxygen and water in the degradation of BP. Our results show that BP rapidly degrades whenever oxygen is present, but is unaffected by deaerated (i.e., O 2 depleted) water. This behavior is rationalized by oxidation involving a facile dissociative chemisorption of O 2 , whereas H 2 O molecules are weakly physisorbed and do not dissociate on the BP surface. Oxidation (by O 2 ) turns the hydrophobic pristine BP surface progressively hydrophilic. Our results have implications on the development of encapsulation strategies for BP, and open new avenues for exploration of phenomena in aqueous solutions including solution-gating, electrochemistry, and solutionphase approaches for exfoliation, dispersion, and delivery of BP. †These authors contributed equally to this work. *To whom correspondence should be addressed:
Black phosphorus (BP) stands out among the family of two-dimensional materials due to several of its unique properties. BP is a direct bandgap, anisotropic and high mobility (~1000 cm 2 /Vs) semiconductor with a thickness-dependent fundamental gap varying from 0.3 eV in the bulk to 1.5~2.0 eV for the monolayer, [1] [2] [3] [4] [5] [6] which covers large portions of the visible and near infrared electromagnetic spectrum. Black phosphorus also has lower reactivity than most of other elemental 2D semiconductors, for example silicene, and can be handled under ambient conditions, 7 at least for limited time periods. 8 Although its interlayer interaction is stronger than that of graphite, MoS 2 and most other layered crystals, 9 mechanical exfoliation allows the preparation of BP samples down to the monolayer limit. 10 The valence band maximum (VBM) of BP lies around -4 to -5 eV, 11, 12 which is energetically higher than the Fermi levels of typical metals used for electric contacts; this leads to BP showing p-type doping independent of thickness. 1, 11 This combination of properties, contrasting with those of semi-metallic graphene, 13 air unstable silicene, and n-type indirect bandgap multilayer MoS 2 , 7, 14 make BP a highly promising material for future electronic and optoelectronic applications.
A remaining key issue of BP toward these applications, however, lies in its degradation under ambient conditions. Formation of pits and bubbles on bulk BP revealed by scanning tunneling microscopy (STM) was ascribed to electrochemical reactions occurring between the STM tip and the BP surface. 15 Even without an applied bias voltage, droplet-like structures are also observable on the surface of BP exposed to air by atomic force and optical microscopy. 8, 16, 17 These structures are believed to be water droplets since experimental and theoretical studies on the environmental stability of BP suggests that the surface is intrinsically hydrophilic; long-term exposure to air and moisture can completely etch away the material. 8, 18 It was also found that the thinner the BP flakes, the faster the water adsorption, 17 and even boron nitride top-encapsulation appears unable to block the species that degrade BP field effect transistor (FET) devices. 16 However, another explanation suggested that oxygen could be responsible for the degradation of BP and the chemisorbed oxygen atoms could increase the hydrophilicity of the BP surface; this alternative explanation makes the mechanism of BP degradation interesting and potentially complicated. 18 A recent study suggested that water, oxygen and visible light are simultaneously required for the degradation of BP, 19 but the detailed roles of these three parameters were not clearly specified.
While all these investigations suggest water as one of the primary species responsible for BP degradation, this conclusion contrasts sharply with the finding that devices, such as humidity sensors comprising BP nano-flakes can be stable during extended time exposures to water without substantial degradation in device performance. 20 In addition, recent work by Kang et al. demonstrated the successful dispersion and delivery of optically and electronically active few-layer BP in deaerated aqueous solutions instead of anhydrous organic solvents. 21 Taken together, these recent reports call into question the assumed role of water in the degradation of black phosphorus.
Here, we carried out a joint experimental and theoretical study with the goal of comprehensively addressing and clarifying the physics and chemistry involved in the breakdown of BP, focusing in particular on the interaction of reactive species in air (O2, H2O, etc.) with BP, their effects on electronic properties and their role in the chemical decomposition of BP. We prepared BP flakes of different thickness -bulk, few-layer, down to monolayer -on SiO 2 /Si support by a modified mechanical exfoliation method. 22 The evolution of the BP flakes with exposure to air, water with dissolved oxygen, and properly deaerated water was monitored by optical microscopy and tapping-mode atomic force microscopy (AFM), and characterized by (scanning) transmission electron microscopy ((S)TEM) and electron energy loss spectroscopy (EELS). We found that oxygen plays a crucial role in the degradation of BP whereas deaerated water alone does not affect the material. Density functional theory (DFT) calculations reveal the detailed atomic processes of the degradation, showing that H 2 O physisorbs on pristine BP, but O 2 adsorbs dissociatively. 23 , 24 The oxidized BP surface doubles the adsorption energy of H 2 O, making the surface hydrophilic. These findings are further supported by FET and electrochemical measurements, as well as 18 O isotope labeling experiments. Our results, especially the stability of BP in pure water, may promote new directions such as the exploration of the electrochemical properties of BP and liquid dispersion of BP for handling and delivery via aqueous solutions.
RESULTS AND DISCUSSION
To test the environmental stability of BP, we prepared flakes of different thickness (bulk, few-layer, and monolayer) on SiO 2 /Si supports by using a modified exfoliation method, 22 and followed their evolution in air by optical microscopy and AFM (see section S1, Supporting Information). Our findings are consistent with previous reports of the morphology change of BP in air. 8, 25 Focusing on the specific role of water in the chemical reactivity of BP, we immersed exfoliated flakes supported on SiO 2 for different time periods in deionized (DI)
water, ultimately followed by exposure to air ( Figure 1 ). Figure 1a shows an optical micrograph of a freshly exfoliated BP flake. Subsequently, the sample was immersed in DI water. As shown in Figure 1b , after one week in DI water the morphology of the flake did not show any visible changes, and no droplets were observed in its vicinity. After 2 weeks in DI water, the optical contrast of the flake had evidently changed (Figure 1c ), in a way that suggests that the thickness was modified across the entire flake. As we will show below, oxygen dissolved in water is responsible for this etching. The lack of observable features in the vicinity of the flake suggests that the drop-like features frequently observed after air exposure are soluble in or react with water and have been eliminated during immersion, thus supporting the assumption of previous reports that these drops may consist of aqueous decomposition products of BP. 8 On the other hand, this also suggests that the surface of BP may be not intrinsically hydrophilic, as reported by Du et al. and Castellanos-Gomez et al., 8, 26 because no droplets were observed even after the BP was taken out of DI water. After the prolonged immersion in DI water, the same sample was exposed to air for 1 week. As seen in Figure 1d , the flake decomposed completely, leaving behind a number of drop-shaped residues of different size within its previous outline. This indicates that the decomposition in air is much faster than in DI water. The sample was subsequently loaded into ultrahigh vacuum (UHV, 10 -9 Torr) for several hours, but the droplet-like morphology did not show any change. Annealing in UHV at 120 °C for 2 hours (Figure 1e ) led to a slight decrease in the droplet density but the larger droplets still remained. Only after annealing at higher temperature (250 °C for 2 hours, Figure 1f ) also the large droplets were replaced by drying patterns within their original footprint. These observations suggest that the droplet-like objects do not mainly consist of water, but are accumulations of species with lower vapor pressure, such as phosphorus oxides (P x O y ) or phosphoric acid; thus the degradation mechanism may not be as previously reported. 8, 19 and droplet-like residues within its footprint. e. Same sample after annealing at 120 °C for 2 hours in ultrahigh vacuum (UHV, 10 -9 Torr). f. Sample after additional annealing at 250 °C for 2 hours in UHV. In order to better understand the decomposition pathway, we compared the degradation process under well-defined conditions: in air and DI water (see section S1, Supporting Information); and in oxygen-depleted (i.e., deaerated) and oxygen-enriched DI water ( Figure   1h , i and Figure 1j , k, respectively). The comparison with the sample exposed to air shows that decomposition of BP is substantially slower in DI water, but some residual reactivity remained. It is well known that molecular oxygen can be dissolved in water. At 25 °C, the equilibrium solubility of O 2 in water is 8.27 mg/L (1.26 mM), but by deaeration the concentration of O 2 can be reduced by 3-4 orders of magnitude (to ~10 -7 M). To control the oxygen concentration in water, we used a setup in which different gases could be controllably bubbled through the DI water reservoir in which the BP sample was held (Figure 1g ). To lower the concentration of dissolved O 2 , nitrogen gas was bubbled continuously through the DI water. A sample containing flakes with both monolayer and bilayer BP was exposed to these conditions for 2 days, after which the flake remained almost completely unchanged ( Figure 1i) i.e., the fresh BP surface is hydrophobic.
In an attempt to determine the effects of air and water on BP devices, we fabricated FETs from exfoliated BP flakes. BP FET devices measured in air showed ambipolar behavior (see Section S3, Supporting Information). The extracted field effect mobility is ~230 cm 2 /Vs for holes and ~30 cm 2 /Vs for electrons, respectively, consistent with values observed previously. 3 When measuring the conductance as a function to the time of exposure to air, a brief initial conductance rise was observed that may be due to current annealing; The stability of the device in contact with water was monitored initially over a period of 1 hour, as shown in Figure 5c . The I SD -V SD curves were linear and symmetric for all times, and even though the conductance decreased minimally over 1 hour the characteristics of the device remained nearly unchanged. This result based on FET device characteristics confirms our previous conclusions from exposure to different ambients, namely that BP shows minimal degradation when in contact with DI water. Device measurements also confirm the crucial importance of oxygen in the degradation chemistry. Figure 5e shows a comparison of the evolution of I SD with time for devices kept in water with equilibrium oxygen concentration at room temperature, compared with storage in water that was maintained in a deaerated state by bubbling N 2 gas. Whereas I SD for the device held in water with dissolved O 2 dropped to near-zero over the course of ~2 hours, the device held in deaerated water showed an initial drop in I SD to about 60% of its original value within ~20 hours, but then maintained a stable conductance with negligible further decrease in I SD for the entire duration of the experiment (~100 hours). Strikingly, the degradation in O 2 containing water was even faster than in air.
From the absence of significant changes in deaerated water, we conclude that the degradation of BP is dependent on its exposure to oxygen (i.e., the reaction of P P x O y ). However, in our experiments with oxygen-containing solutions, water appears to play an important secondary role: it enables the subsequent reaction of P x O y to the final products, e.g., (PO Wang et al. 37 The oxidation peak at +0.4 V is not observed in CV curves measured in deaerated solution, in which the reverse potential sweep is stopped before reaching the threshold for the hydrogen evolution reaction (HER, -0.9 V). This indicates that hydrogen gas generated at potentials more negative than -1.0 V chemically reduces the P x O y on the electrode surface to elemental phosphorus.
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CONCLUSIONS
In summary, the degradation of BP under different conditions was systematically characterized structurally, spectroscopically, in device measurements, and via DFT calculations. By comparing exposures to air, water with dissolved oxygen, and deaerated water, we find that the degradation of BP in ambient requires contact with oxygen, and that water does not play a primary role in the reaction, in contrast to previous conclusions.
Exposure to water alone does not decompose BP, as is shown by much slower degradation rates in deaerated water compared to the process in air.
DFT calculations reveal that the dissociative adsorption of O 2 induces changes in the electronic structure of BP and thus plays an important role in the degradation of the electronic properties. H 2 O alone (without O 2 ) cannot cause the degradation of BP since it only physisorbs on the pristine BP surface. Finally, the calculations provide insight into the wetting properties of BP, suggesting that pristine BP interacts weakly with water (i.e., is hydrophobic) whereas oxidation by reaction with O 2 gradually turns the surface superhydrophilic. Isotope labeling experiments combined with TOF-SIMS mapping directly demonstrate these predicted changes in the wetting properties of BP due to oxidation.
Our combined results, which demonstrate that BP can be preserved in environments without O 2 to suppress degradation, have implications for the identification of suitable encapsulation strategies for BP (e.g., in device applications) by suggesting that the most important role of an encapsulation material is to prevent the contact of BP with oxygen, either directly or via diffusion.
Methods
Sample Preparation: Bulk black phosphorous was purchased from HQ-graphene. Adhesive tape was used to peel off a small piece of BP from bulk crystal, and folded 2-3 times to make the flake thinner. The tape with BP was put onto the surface of 300 nm SiO 2 /Si substrate. All the substrates were cleaned by oxygen plasma to remove organic residual before contact with BP, which improved the yield. Before peeling off, the substrate together with BP/tape was put on a laboratory hot plate to anneal for 1 min at 80 °C in order to improve the contact area between BP and SiO 2 surface. 22 For the TEM samples, we first spin-coated a layer of photoresist (S1811) on SiO 2 /Si for 1 min (3000 revolutions per minute (rpm)), and baked it at 100 °C for 2 min. Following by exfoliation of BP onto this photoresist surface and checking the flakes under optical microscope, TEM grids were put in contact top with the area containing BP flakes. By dissolving the photoresist in acetone, BP flakes were transferred onto the TEM grid. AFM measurements: Surface morphology and thickness measurements were performed using a Veeco (multimode V) atomic force microscope. All AFM images were collected in tapping mode in order to minimize the degradation by contact with the flakes. AFM imaging was performed in ambient at room temperature.
TEM-EELS measurement:
The exfoliated flakes were characterized in a JEOL 2100F analytical (scanning) transmission electron microscope ((S)TEM) operated at 200 kV. Samples were kept in acetone after transfer onto TEM grids from photoresist, and quickly loaded in the high-vacuum of the TEM after removing them from acetone. Device Fabrication and Electrical Measurements: After transfer of BP flakes from tape to SiO 2 /Si substrates by mechanical exfoliation (as described above), the positions of selected flakes were recorded in optical microscopy. A layer of photoresist was spin-coated onto the substrates (S1811, 3000 rpm, 1 min), then put on a hot plate and annealed at 110 °C for 2 min. A mask aligner (Karl Suss, MA6) was used to expose the patterns, followed by development in solvent. Ti/Au metal layers (10 nm/50 nm) were deposited by e-beam evaporation. Annealing was carried out in ultrahigh vacuum (10 -9 Torr) in order to make good contact at the metal/BP interface. Electrical measurements were performed on a four-probe station (Signatone). For DI-water top-gating experiments, we first fabricated conventional (backgated) FET devices on 300 nm SiO 2 /Si substrates, and then patterned Poly(methyl methacrylate) (PMMA) windows using electron beam lithography (EBL). The latter provided a defined contact area between the DI water gate and the device channel, while preventing its contact with the metallic source-and drain electrodes. Density functional theory (DFT) calculations. DFT calculations were performed using the generalized gradient approximation for the exchange-correlation potential, the projector augmented wave method, 39, 40 and a plane wave basis set as implemented in the Vienna abinitio simulation package (VASP). 41 The energy cutoff for the plane-wave basis was set to 400 eV for all calculations. A k-mesh of 4×4×1 was adopted to sample the first Brillouin zone of the 3×4 monolayer black phosphorus supercell (armchair direction (x) and zigzag direction (y)). In geometry optimization, van der Waals interactions were considered at the van der Waals density functional (vdW-DF) 42, 43 level with the optB86b functional for the exchange potential (optB86b-vdW) 44, 45 . The shape and volume of each supercell were fixed and all atoms in it were allowed to relax until the residual force per atom was less than 0.01 eV·Å -1 .
Electronic band structures were calculated using the hybrid Heyd-Scuseria-Ernzerhof functional (HSE06) based on the atomic structures optimized by optB86b-vdW. 46, 47 The potential-energy profiles along the reaction paths from physisorbed O 2 to dissociativechemisorbed O 2 on1L prinstine BP were recalculated using the climbing image nudged elastic band (CI-NEB) technique, 48 which locates the saddle points of the reactions, using 8 images. 
S1. Sample preparation and microscopic characterization
Black phosphorus flakes were exfoliated onto SiO 2 /Si substrates, followed by optical microscopy imaging. The substrates were cleaned using acetone, isopropanol and de-ionized (DI) water, and then O 2 plasma was used for further cleaning. After putting adhesive tape with black phosphorus flakes in contact with the SiO 2 /Si substrate, the substrate was annealed in air at 80 °C for 1 min on a conventional laboratory hot plate. We then cooled down the substrate to room temperature, and finally peeled off the tape to complete the exfoliation process. This exfoliation method could improve the yield ratio of the flakes with different thicknesses, as described in detail in our previous work. 1 After exfoliation, the flakes were characterized using different methods and conditions as described in the main text. Figure S1 shows optical and AFM images of a pristine black phosphorus flake, and of the same flake after exposure to air for 1 day. Within 1 hour after exfoliation, the surface of the flake appeared optically flat and the surrounding SiO 2 was featureless in optical microscopy ( Figure S1a ). At this stage, AFM showed arrays of small clusters decorating the black phosphorus surface ( Figure S1b ). The same droplet morphology was found on the surface of thick, bulk-like ( Figure S1b ) and monolayer flakes ( Figure S1c ). After ambient exposure for 1 day, several changes are observed.
Optical microscopy detects relatively minor changes to thick black phosphorus flakes. However, their outline now appears more rounded, and the surrounding SiO 2 support shows large, drop-like features in the vicinity of all flakes ( Figure S1d ). The surface of bulk-like flakes is no longer flat but now appears rough. The well-defined small droplets seen shortly after exfoliation are no longer clearly observable ( Figure S1e )， but seem to have coalesced to a thin film after the small clusters grew larger. The thinnest portions (e.g., the monolayer segment, ML BP marked by a circle in Figure   S1a ) are completely decomposed and only large drops remain in their place on the substrate ( Figure S1f ). equilibrium with air) completely removed monolayer flakes, whereas bilayer areas were transformed into monolayer ( Figure S3d ). The comparison with the sample exposed to air shows that decomposition of black phosphorus is substantially slower in DI water, but some residual reactivity remained.
S2. Setup for gas bubbling
To probe the reactivity of black phosphorus in contact with DI water with controlled O 2 content (achieved by bubbling either N 2 or O 2 to deplete or enrich dissolved oxygen, respectively), exfoliated black phosphorus flakes on SiO 2 /Si substrates were put in a glass container filled with DI water (Figure S4) . A long needle was immersed into the DI water for gas (N 2 or O 2 ) bubbling, and the outlet tube (left) was fed in another beaker with DI water. The flow rate could be controlled by valves, but this parameter is not critical for our experiments. previously. 3 We then tested the stability of another BP FET device in air. The results are summarized by plotting values of I SD at constant conditions (V SD = 200 mV; V G = +20 V) as a function of air exposure time ( Figure S5d ). The conductance of the device initially increases, as shown by an increase of I SD from 14 μA to 17 μA in the first 5 hours. A saturation of I SD is followed by a continuous decrease to ~4 μA over the next 60 hours. The initial rise in conductance may be explained by an effect of current annealing, 4 which could lower the contact resistance between the black phosphorus channel and the source-and drain metal electrodes. After long time expose to air, our results (discussed in the main text) suggest that the black phosphorus flake becomes oxidized, which we see here as a decrease in the channel conductance. This effect of degradation of our black phosphorus FET device is similar to that reported previously for unencapsulated devices, which also showed an initial increase in I SD followed by a decrease of the channel current, ultimately leading to the complete breakdown of the device after ~56 hours in air. Figure S6b , the solution gate capacitance C SolG can be determined via C SolG /C BG = ΔV BG /ΔV Thr . 6, 7 Using the known specific capacitance of the 300 nm SiO 2 dielectric of the back gate, C BG = 11.6 nF/cm 2 , 8 we determine a specific capacitance of the DI water solution top gate in contact with a black phosphorus FET channel of 174 nF/cm 2 . Using this value, the data shown in Figure. To test the stability of black phosphorus in strong acids and bases, we immersed the exfoliated BP flakes in 37 % HCl and 2M KOH. After 30 minutes immersion in these strong acids and bases, the flakes did not show any obvious change, as can be seen in Fig. S7b,d . After immersion for 2 h, we inspected the flakes again by optical microscopy. The flake exposed to HCl solution still did not show any significant change, i.e., remained nearly unchanged as shown in Fig. S7 a, b . But some of the flakes in KOH solution disappeared after 1 h. We assign this to the etching of SiO 2 by KOH, but not a reaction of KOH with black phosphorus. Representative cyclic voltammograms (CVs) of a BP electrode measured in oxygen-saturated and deareated 0.1 M HClO 4 solutions are compared in Figure S8 . A broad oxidation peak at ~ +0.4 V is observed at similar position and intensity in both cases, i.e., it obviously does not depend on the concentration of dissolved oxygen in the electrolyte. This peak corresponds to the electrochemical oxidation of elemental phosphorus (P 0 ) to a higher oxidation state.
This suggests that a P x O y film is formed on the surface of the black phosphorus in this potential range. At more positive potentials (higher than +0.5 V), the phosphorus is further oxidizing to P 5+ , forming (PO 4 3- ) ions that dissolve into the solution and form the end product, phosphoric acid (H 3 PO 4 ). These observations are consistent with our EELS results, as well as recently reported results by Wang et al. 9 The oxidation peak at +0.4 V is not observed in deaerated solution (shown in blue in Figure S8 ) if the reverse potential sweep is stopped before reaching the threshold for the hydrogen evolution reaction (HER, -0.9 V). This means that hydrogen gas generated at potentials more negative than -1.0 V chemically reduces the P x O y on the electrode surface to elemental phosphorus. 10 Thus, when the potential is swept in the anodic direction, the bare phosphorus surface (not covered by an oxide) is oxidized, and the peak at +0.4 V is observed. Finally, we also observe a cathodic peak at -0.2 V, which appears only in the CV curve measured in oxygen-saturated solution. We attribute this peak to the oxygen reduction reaction (ORR) taking place on the black phosphorus electrode surface in this potential range. 
25 types of initial adsorption structures of H 2 O/BP.
Different adsorption sites of O atom and H atom, different orientations of H 2 O and different initial adsorption distances are considered to confirm the most stable structure of H 2 O/BP (in Fig. 3e ). The detailed information is shown in Fig. S13 . 
S7. Black phosphorus dispersed in DI water
Deionized water was freeze pump thawed in a round bottom flask five times using a Schlenk line and a dry ice/acetone bath. The water was frozen, then exposed to vacuum. The flask was sealed, and the water allowed to degas. This procedure was followed five times to maximize the removal of any dissolved gasses (namely oxygen). Via a glove bag, under nitrogen atmosphere, 5 mg of black phosphorus crystal was introduced to 500 ml of the freeze pumped water. This was then ultrasonicated for 16 hours in an ice bath under nitrogen atmosphere. As the sonication proceeded, the black phosphorus crystals slowly dispersed into a gray and opalescent dispersion. With further sonication, it became a turbid gray suspension as shown in Fig. S14a . This suspension was centrifuged for 10 minutes at 5000 rpm and the supernatant was used for subsequent analysis, and no obvious color change within 4 months.
For transmission electron microscopy, lacey carbon coated copper grids were utilized. For optical and Raman imaging 300 nm SiO 2 /Si substrates were used. A drop of the centrifuged solutions was transferred, in a glove bag under nitrogen atmosphere, onto the SiO 2 /Si and the TEM grids in a Schlenk vial. The water was removed under vacuum and the samples stored under nitrogen. Any transfers from the sealed glassware to instrumentation were carried out as rapidly as possible to reduce degradation from light and atmosphere.
A JEM-2100 LaB 6 TEM was used to image bright field images at 200 kV. Raman spectra were measured using a micro Raman Spectrometer (Alpha 300s, WITec GmbH) with a 532 nm laser. Data were collected for 20 s at ∼0.1 mW using a 100X objective. Raman measurements were carried out under argon to prevent oxidative degradation. Figure S14b shows an optical micrograph of a BP flake which was analyzed by the Raman spectrometer (Fig. S14d) To confirm the dominant role of dissolved oxygen in the oxidative attack of black phosphorus in aqueous solutions, we carried out an isotope labeling experiment in which BP flakes were exposed to a mixture of isotopically pure 18 18 O signal, which coincide with regions of increased 16 O count (Fig. S15 a,   b ). This result suggests that the sample was additionally oxidized by the 18 O 2 in the flask, and that the H 2 16 O in turn selectively adsorbed in these more strongly oxidized
areas. This behavior is consistent with the DFT calculations showing that the native (i.e., freshly cleaved) BP surface is hydrophobic but turns increasingly hydrophilic with progressive oxidization. From the TOF-SIMS maps, we can infer that the absorbed water was limited to the oxidized regions (where 18 O is present) because the surroundings of these regions are hydrophobic. The appearance of the water adsorption regions is similar to the droplets observed by optical microscopy and AFM. Figure S16 . TOF-SIMS mapping images of two BP flakes. a. 16 O map, and b. 18 O map of a BP flake that was exposed to air for one day. c. 16 O map, and d. 18 O map of a BP flake exposed to In a second isotope labeling experiment, we compared the effects of air and of saturated water vapor on the black phosphorus surface. BP flakes exposed to air for one day showed a very high 16 O signal, as can be seen in Fig. S16a . The abundance of 18 O in air is only 0.204%, so the signal from 18 O is much smaller but it is still detectable in the air-exposed BP flakes (Fig. S16b) . For comparison, we exposed a second BP flake for one day to saturated vapor above a reservoir of isotopically labeled, deaerated (i.e., 16 O 2 depleted) water (H 2 18 O). As can be seen in Fig. S16c,d , the 18 O signal measured on this sample remained very low, which implies that the surface was not oxidized and that no detectable water absorbed on BP surface. This result further supports our conclusions that BP is not oxidized by exposure to water and that the pristine BP surface is hydrophobic.
